human B cells ͉ immunological memory ͉ proliferation ͉ cellular quiescence ͉ lymphocyte activation A primary Ab response is initiated when naïve B cells initially encounter foreign antigen (Ag). Two distinct populations of effector B cells arise from a germinal center during a primary response: plasma cells (PCs), which secrete neutralizing Ab, and memory cells, a reservoir of Ag-specific B cells, which mediate long-term serological immunity (1-3). This phenomenon is achieved by the ability of memory B cells to be rapidly activated after subsequent exposure to the immunizing Ag and their persistence in the absence of an ongoing immune response (2-6). These qualities facilitate the production of abundant quantities of Agspecific PCs with enhanced kinetics compared with the primary immune response.
A primary Ab response is initiated when naïve B cells initially encounter foreign antigen (Ag). Two distinct populations of effector B cells arise from a germinal center during a primary response: plasma cells (PCs), which secrete neutralizing Ab, and memory cells, a reservoir of Ag-specific B cells, which mediate long-term serological immunity (1) (2) (3) . This phenomenon is achieved by the ability of memory B cells to be rapidly activated after subsequent exposure to the immunizing Ag and their persistence in the absence of an ongoing immune response (2) (3) (4) (5) (6) . These qualities facilitate the production of abundant quantities of Agspecific PCs with enhanced kinetics compared with the primary immune response.
Several factors contribute to the rapid activation of memory B cells during secondary responses. First, B cells with increased Ag affinity are selected into the memory cell pool (3) , and a greater number of these cells persist than corresponding naïve cells (5) . Second, the localization of memory B cells near Ag-draining sites (2, 4, 7, 8) may facilitate earlier contact with Ag than naïve B cells. Third, memory B cells express higher levels of costimulatory molecules than naïve B cells, allowing them to elicit T cell help more rapidly (2, 4, 8) . On the other hand, differences in primary and secondary Ab responses may result from qualitatively distinct signals elicited through the cytoplasmic domains of IgM and IgG B cell receptors (BcRs) (9, 10) . Despite these physical, phenotypic, and biochemical differences between naïve and memory B cells, in vitro studies revealed that memory cell responses mirror those of in vivo secondary responses, with them proliferating and differentiating into PCs more efficiently than naïve cells to various stimuli (11) (12) (13) . Consequently, these signaling differences do not fully explain the superior characteristics of memory B cell responses.
To investigate the mechanism(s) underlying enhanced secondary Ab responses in more detail, differences in responses of human splenic naïve and memory B cell subsets to defined stimuli in vitro, and differences in gene expression by these cells ex vivo, were investigated. Both IgM memory and isotype-switched memory cells entered their first division earlier than naïve cells, regardless of the type or dose of stimulus used, suggesting that intrinsic differences between resting naïve and memory B cells control their ability to enter division at different times. Gene expression profiles revealed that memory cells have down-regulated expression of the cell-cycle regulatory genes Krüppel-like factor (KLF) 4, KLF9, and promyelocytic leukemia zinc finger (PLZF). Reduced expression of these genes in quiescent memory B cells may allow them to enter division earlier and proliferate more rapidly than naïve cells, thus dominating the secondary immune response. Indeed, ectopic expression of KLF4 and KLF9 reduced the number of B cells being recruited into division and delayed their entry into division. Importantly, the effect of enforced expression of KLFs was substantially greater in memory than naïve B cells, consistent with reduced expression of these negative cell-cycle regulators in memory B cells. Thus, memory B cells appear to undergo a rewiring process such that their activation threshold is significantly reduced compared with naïve B cells, allowing them to enter division more quickly and produce a greater Ab response.
Results
Memory B Cells Enter Division Earlier Than Naïve B Cells Irrespective of Stimulus. Various extrinsic factors can contribute to the elevated secondary, compared with primary, Ab response. To investigate whether such factors are wholly responsible for robust secondary responses, or whether the kinetics of naïve and memory B cell responses also are regulated by intrinsic properties in vitro, assays in which the time taken by B cells to enter their first division [time to first division (ttfd)] (13, 14) were utilized. The advantage of this system is that the behavior of ex vivo-isolated naïve and memory B cells can be tested under controlled conditions, independent of in vivo microenvironmental cues that may influence the final outcome of Ag stimulation.
Different combinations of CD40L, CpG, and F(abЈ) 2 fragments of anti-Ig were used as stimuli to determine whether division kinetics of naïve, IgM-expressing, and isotype-switched memory cells can be distinguished on the basis of differential requirements for T cell help, BcR, and/or Toll-like receptor signaling. In the presence of CD40L alone, both memory subsets entered division Ϸ15-25 h earlier than naïve cells did, as shown by the ttfd (taken as the mean of the fitted curve; Fig. 1a and Table 1 ). Comparison of the amplitudes of the curves also revealed that Ϸ2-to 8-fold more memory cells were recruited into division than naïve cells ( Fig. 1a and Table 1 ). F(abЈ) 2 anti-Ig was only weakly mitogenic when used alone. However, when combined with CD40L, it substantially reduced the ttfd of naïve B cells compared with cells stimulated with CD40L alone and increased the relative number of naïve cells entering division by Ϸ10-fold (Fig. 1b and Table 1 ). Thus, the ttfd of naïve B cells stimulated with CD40L and anti-Ig approximated that of memory cells stimulated with CD40L alone (compare Fig.  1 a and b) , demonstrating the reduced requirements for activation of memory cells over naïve cells. Anti-Ig also shortened the ttfd of CD40L-stimulated IgM ϩ memory and isotype-switched memory B cells, thus their entry into division still was significantly earlier than naïve cells.
The ttfd of B cells after activation with a T cell-independent stimulus also was investigated. As occurred in T cell-dependent responses, memory B cells entered division earlier than naïve B cells did in response to CpG (Fig. 1c and Table 1 ). The amplitude of the response of naïve and both memory subsets to CpG stimulation was increased by costimulation through the BcR or CD40, whereas the response of cells to CD40L, CpG, and anti-Ig resembled that induced by CD40L/anti-Ig ( Fig. 1 d-f and Table 1 ). In all cases, the memory B cell response exceeded that of corresponding naïve B cells.
Naïve and Memory B Cell Responses Are Regulated by Intrinsic
Differences. To determine whether memory B cells exhibit greater sensitivity to stimuli than naïve B cells do, these cells were cultured with serial dilutions of CD40L. Surprisingly, lowering the dose of CD40L did not reduce the ttfd of naïve or memory ( Fig. 1 g-j) B cells. Rather, it decreased the relative number of cells recruited into division, as revealed by a lower amplitude of the response ( Fig. 1  g-j) . Furthermore, the fold difference in amplitude between naïve and memory cells remained constant across the concentration range examined (Fig. 1j) , suggesting that entry into division is not regulated by extrinsic signals but by preexisting cellular physiology. Therefore, memory B cells differ fundamentally in their intrinsic capacity to enter division earlier than naïve B cells, independent of the strength or type of extrinsic stimulatory signal.
Gene Expression Analysis of Human Splenic B Cell Subsets. Microarray analysis was performed to identify genes capable of heightening memory B cell responses. The results indicated that many genes involved in the negative regulation of the cell cycle were differentially expressed between naïve and memory B cells (Fig. 2a) . Specifically, genes that inhibit the G 1 /S phase transition were higher in naïve than memory cells, suggesting the cell cycle of naïve B cells is under tighter regulatory control than that of memory B cells. These genes included PLZF, p21, KLF4, KLF9, and the forkhead transcription factor FOXO1A (15) (16) (17) (18) (19) . The expression differences for these genes, and ANXA1, were confirmed by semiquantitative (sq) PCR (Fig. 2b ). This analysis revealed that KLF4, KLF9, and PLZF were expressed at Ϸ10-, 8-, and 2-to 4-fold higher levels in naïve B cells than in memory B cells [ Fig. 2b and supporting information (SI) Fig. 5 ]. The greater differences in the levels of expression of these genes as revealed by sqPCR compared with the microarray data are consistent with increased sensitivity of sqPCR (20) . Assessment of expression of these proteins in B cell subsets also was attempted; however, the sensitivity and specificity of available reagents was insufficient to demonstrate confidently increased levels in naïve B cells. Despite this limitation, we propose that the ability of memory B cells to respond with greater and accelerated kinetics than naïve B cells results from small changes in expression of a suite of genes involved in maintaining B cells in a quiescent state.
We chose to focus our investigation on the KLFs, because members of this family have important roles in maintaining quiescence of hemopoietic (21) (22) (23) (24) and nonhemopoietic cells (25) . Furthermore, the role of KLFs in human B cells has not been studied. We investigated whether signaling through CD40 and BcR modulates expression of these genes. Naïve B cells were stimulated with CD40L/anti-Ig for 3 days, and expression of KLF4, KLF9, and PLZF was determined every 24 h (Fig. 2c ). KLF4 and PLZF were reduced after 24 h and remained at low but detectable levels for 72 h. This finding is consistent with reduced expression of KLF4 in activated murine B cells (22, 26) . In contrast, KLF9 expression was extinguished within 24 h of activation (Fig. 2c) . Therefore, expression of these genes can be down-modulated by stimulation through CD40 and the BcR, which then would allow cell division to occur. (27) , which precludes assessment of ttfd. Therefore, chimeric proteins containing the gene of interest fused to GFP were transiently transfected into resting B cells, and GFP ϩ cells subsequently were sorted for further analysis.
Initial studies demonstrated that overexpression of KLF4, KLF9, and PLZF modulated proliferation of activated B cells. Ectopic expression of KLF4, KLF9, and PLZF dramatically decreased the percentage of cells undergoing blastogenesis in response to CD40L (Ϸ50-80%; Fig. 3 a, b, e, f, i, and j) . Enumeration of viable cells also confirmed this decrease (Fig. 3 c, g, and k) . It is important to note that the number of dead cells does not increase in these cultures. Instead, overexpression of these genes maintains B cells in a resting state, as shown by the presence of a population of nonblasting but viable cells (Fig. 3) .
The reduction in the number of blasting cells and proliferation were confirmed by [ 3 H]thymidine uptake by CD40L-stimulated transfected B cells. Proliferation of B cells overexpressing KLF4, KLF9, and PLZF was dramatically reduced compared with that of control-transfected B cells (Fig. 3 d, h, and l) . The reduction in proliferation was examined further by determining the frequency of cells incorporating BrdU during in vitro activation. This approach allowed dead and nonblasting cells to be excluded from the analysis. Only small differences in the uptake of BrdU were observed by naïve or memory B cell blasts transfected with the candidate genes versus the control vector (SI Table 2 ). Thus, although the frequency of lymphoblasts was reduced by overexpression, comparable frequencies of these cells continued to enter S phase. Therefore, the reduction in cell number and [ 3 H]thymidine incorporation resulted from a decrease in the number of cells becoming activated to enter division and/or their time of entry into the first division.
ttfd Analysis of B Cells Overexpressing Cell-Cycle Regulators. To investigate whether KLF4, KLF9, or PLZF indeed were able to affect entry of B cells into their first division, ttfd analysis was performed (Fig. 4) . As the candidate genes can regulate p21 transcription, the effect of p21 on ttfd also was examined. In response to CD40L, overexpression of KLF4 or KLF9 caused a small reduction in the proportion of cells entering division (i.e., amplitude) compared with the control vector (Fig. 4a) . There was no difference in the proportion of cells entering division between the control and cells transfected with either p21 or PLZF. In contrast, ttfd of cells transfected with any of the candidate genes was increased compared with the control vector. p21 had the smallest effect when compared with the vector control, increasing ttfd by Ϸ5 h. PLZF delayed the entry of CD40L-stimulated B cells by Ϸ11 h, whereas KLF4 and KLF9 had the greatest effect, increasing ttfd by 15 h (Fig. 4a) .
A more dramatic decrease in recruitment of cells into division occurred when transfected B cells were stimulated with CD40L/ anti-Ig (Fig. 4b ). KLF4 and KLF9 diminished the amplitude such that the height of the curve was Ϸ20% of control transfectants. Unlike CD40L-stimulated cells, the amplitude of p21-transfected B B cell subsets were cultured with different combinations of CD40L, F(abЈ)2 fragments of anti-Ig, and/or CpG. The ttfd and amplitude of the response were calculated as described in Fig. 1 . Values represent the mean Ϯ SEM of triplicate cultures. Similar results were obtained in several independent experiments with different donors.
cells was slightly lower than that of control cultures. The proportion of PLZF-transfected B cells entering division was equal to Ϸ70% of the control. The effect on ttfd of transfected B cells stimulated with CD40L/anti-Ig was similar to CD40L-stimulated cells, with p21, PLZF, KLF4, and KLF9 increasing ttfd by Ϸ5, 9, 12, and 15 h, respectively, compared with the vector control.
Overexpression of KLFs Preferentially Delays the Entry into Division of
Memory B Cells. The outcome of overexpressing KLF4, KLF9, and PLZF on the proliferation of naïve versus memory B cells was next examined (Fig. 4 c-j) . The combined stimulus of CD40L and anti-Ig was used because it mimics a T cell-dependent response in vivo. Overexpression of KLF4 dramatically reduced the amplitude of both subsets by Ϸ10-fold (Fig. 4 c, d, and l) . Strikingly, overexpression of KLF4 affected the kinetics of the memory B cell response substantially more than that of naïve cells, with a Ϸ10% increase in ttfd of naïve B cells but Ϸ30% increase for memory B cells (Fig. 4k) . Overexpression of KLF9 or PLZF also reduced the recruitment of naïve and memory B cells into division, albeit to a lesser extent than KLF4 (Ϸ2-to 3-fold), indicating that modulation of this parameter was not subset-specific (Fig. 4 k and l) . However, the difference in ttfd between B cells transfected to express KLF9 or PLZF and control-transfected cells was greater for memory than naïve cells (Fig. 4 e-h and k) . Therefore, overexpression of KLF4, KLF9, and PLZF had a greater effect on ttfd of memory B cells compared with naïve B cells. Overexpression of p21 weakly modulated the kinetics of B cell responses. Thus, the KLF members may regulate entry of B cells into division via a p21-independent mechanism.
Discussion
Immunological memory is characterized by a rapid secondary response, which can produce up to 100-fold more Ag-specific B cells compared with the primary response (5) . Various factors that may play a role in augmenting secondary responses have been investigated (4, 9, 10). However, despite the findings of these studies, the mechanisms that control this multifaceted response remain incompletely defined. Therefore, we set out to identify molecules that have critical roles in memory responses.
Human memory B cells enter division earlier than naïve B cells do when stimulated with CD40L in the absence or presence of different cytokines (13, 14) . However, once in division, both subsets proliferate comparably (13) , suggesting that earlier division entry is the key to why memory cells proliferate to a greater extent than naïve cells. To confirm that this result is attributable to intrinsic controls, combinations of CD40L, anti-Ig, and/or CpG were used to induce B cells into division (Fig. 1) . The ttfd of naïve cells could be altered by combinations of different stimuli. In contrast, the ttfd of memory B cells was less susceptible to modulation, yet they always entered division earlier than naïve B cells did. Furthermore, when the B cell subsets were stimulated with titrations of CD40L (Fig. 1) , memory cells retained their ability to enter division earlier than naïve B cells. Therefore, although extrinsic factors can direct certain aspects of B cell responses, and preferentially stimulate one subset over another (13, 14, (28) (29) (30) (31) , memory B cells fundamentally differ in physiology from naïve cells, which facilitates their earlier entry into division in response to the same stimuli.
A supposition of previous studies that investigated enhanced responses of murine memory versus naïve B cells was that naïve B cells are IgM ϩ and memory B cells are IgG ϩ (9, 10). Thus, the proposal that differences in responses of naïve and memory B cells result from differential signaling through IgM and IgG, respectively, is inconsistent with the observation that human IgM ϩ memory B cells proliferate with faster kinetics than IgM ϩ naïve B cells ( Fig. 1)  (13, 14) . Furthermore, stimulation with CD40L and/or CpG was capable of inducing both memory B cell subsets to undergo a more robust response than naïve B cells, without the need for costimulation through the BcR (Fig. 1) . Therefore, the enhanced prolifer- ative ability of memory B cells is largely independent of Ig isotype (9, 10) .
Microarray analysis was used to determine the components of memory B cells that would allow more dynamic responses to stimulation compared with naïve cells. Molecules important for maintaining cell quiescence and controlling cell division (FOXO1A, PLZF, KLF4, and KLF9) were down-regulated in memory B cells, thus identifying them as possible candidates for the disparity between the proliferation of naïve and memory B cells (Fig. 2) . Indeed, overexpression of KLF4, KLF9, or PLZF delayed entry of memory B cells into division such that their responses resembled those of naïve B cells transfected with the control vector. Furthermore, overexpression of KLF4, KLF9, and PLZF had a greater effect on ttfd of memory rather than naïve B cells, consistent with their reduced expression in memory B cells (Fig. 4) . Therefore, we postulate that the accumulation of small modifications in the expression of a number of genes that maintain cellular quiescence allows memory B cells to enter division earlier than naïve B cells. A recent study demonstrated that, rather than causing an increase in a suite of genes involved in promoting B cell activation, engagement of an IgG BcR on murine B cells down-regulated a greater number of genes than observed after engagement of an IgM BcR (26) . This finding led the authors to propose a ''less-is-more'' hypothesis, whereby IgG-expressing memory B cells are rapidly activated by virtue of the expression of fewer genes that may potentially prevent their differentiation into PC. Our finding that expression of genes that attenuate B cell proliferation is reduced in memory compared with naïve B cells is consistent with a less-ismore concept. However, an important difference is that many of the genes we observed to be decreased in switched memory B cells relative to naïve B cells also were reduced in IgM ϩ memory B cells, which suggests that signaling downstream of receptors other than the BcR (e.g., CD40, Toll-like receptors, etc.) contributes to enhanced responses of memory B cells and thus secondary Ab responses. This difference notwithstanding, decreased expression of KLFs and PLZF in memory B cells provides a mechanistic explanation for the hypothesis proposed by Goodnow and colleagues (26) .
Differential expression of cell-cycle regulators has previously been documented during discrete stages of lymphocyte differentiation. By comparing a mixed population of germinal center and memory (i.e., IgD lo ) B cells to naïve B cells, Wagner et al. (32) showed that p27 decreased and cyclin D3 increased more rapidly in activated germinal center/memory B cells compared with naïve B cells, correlating with greater proliferation of IgD lo cells in vitro. On the other hand, expression of the cell-cycle inhibitor p18 is important for differentiation of plasmablasts into nondividing PCs (33) . Thus, PC and memory B cells differ in their patterns of expression of cell-cycle regulatory genes, with up-regulation of inhibitors during terminal differentiation, whereas memory cells downregulate these genes to allow rapid proliferation in response to specific Ag. Furthermore, expression of KLF4 is rapidly downregulated in murine B cells after stimulation through the BcR (22, 26) , thus allowing Ag-primed cells to become activated more rapidly than unprimed B cells. Similarly, overexpression of KLF4 can induce cell-cycle arrest in murine leukemic pre-B cells (23) . Additional studies have revealed roles for cell-cycle regulators during T cell differentiation. For instance, memory CD8 ϩ T cells express higher levels of cyclins than naïve T cells do (34) , whereas the level of p27 expression in CD4 ϩ T cells establishes a threshold for inducing cell division after stimulation (35) . Together with our results, it appears that the differential expression of cell-cycle regulators in naïve, and memory B cells set a threshold that extrinsic stimulation must overcome before cells can enter division. These studies of memory T and B cells demonstrate that regulation of the cell cycle is an important mechanism underlying their rapid responses to Ag.
It could be postulated that KLFs modulate the cell cycle by regulating the levels of p21. However, p21 did not alter proliferation to the same extent as KLFs or PLZF. Thus, although KLF4, KLF9, and PLZF are p21 transcriptional regulators (16, 17, 36) , they may exert their effects on naïve B cells through a p21-independent mechanism. Consistent with this finding, KLF4 can inhibit transcription of cyclin D1 (37) . Interestingly, activation of NF-B induces cyclin D1 transcription and cell division (38) . Furthermore, c-Rel and cyclin D1 are expressed at higher levels in memory B cells compared with naïve cells (data not shown). Thus, it is possible that KLF4 and KLF9 interact with the NF-B pathway downstream of CD40 and BcR signaling to regulate B cell proliferation.
The memory B cell pool generated during a primary response is important for long-lasting humoral immunity. The dynamics of primary and secondary responses appear to result from reduced expression of cell-cycle regulators in memory B cells relative to naïve B cells. This allows memory cells, irrespective of Ig isotype, to enter the cell cycle more rapidly than naïve cells do, thereby providing an accelerated response to previously encountered Ag. This reprogramming of memory B cells occurs after activation and affinity selection to minimize the restraints on these cells with respect to their ability to enter division and receive stimulation from helper T cells. Collectively, these findings provide a framework for examining how dysregulation of cell-cycle-related mechanisms during B cell differentiation cause perturbed humoral immune responses, such as immunodeficiencies, autoimmunity, and B cell malignancies.
Materials and Methods
Reagents. Ab are listed in SI Table 3 . CpG 2006 and CpG C274 (12) were obtained from Sigma Genosys (Sydney, Australia). Recombinant CD40L has been described previously (13, 14) . B Cell Proliferation and ttfd Assay. B cell subsets were cultured with CD40L (13, 14) , CpG (1 g/ml), and/or anti-Ig (10 g/ml). To determine ttfd, the mitotic inhibitor demecolcine (10 ng/ml; SigmaAldrich, Castle Hill, Australia) was added. Proliferation was measured by determining incorporation of [ 3 H]thymidine [1 Ci/ml per well (1 Ci ϭ 37 GBq); ICN Biomedicals, Irvine, CA]. Log normal distributions were fitted to the data by using Prism (GraphPad Software, San Diego, CA) (13, 14) . The absolute number of cells was determined by adding CaliBRITE beads (BD Biosciences) to each well before harvest. BrdU incorporation was assessed as described in ref. 13 .
Gene Expression Analysis. RNA was isolated from each B cell subset (RNeasy kit; Qiagen, Doncaster, Australia), and complementary RNA was synthesized (14, 39) . Biotin-labeled cRNA was hybridized to Human Genome U133 Set GeneChips (Affymetrix, Santa Clara, CA), and resulting data were analyzed by Affymetrix Microarray Suite software. Gene expression profiles were performed in duplicate from different donors.
sqPCR, Cloning, and Transfection. Primer sequences are shown in SI Table 4 (Sigma Genosys). RNA was transcribed into cDNA, normalized for expression of GAPDH, and sqPCR analysis was performed. Primers for cloning included appropriate restriction enzyme sites. cDNA sequences were amplified with Pfu (1 unit; PerkinElmer, Melbourne, Australia) or Hi-Fidelity Taq (1 unit; Invitrogen, Carlsbad, CA) and subcloned into the pEGFP vector (BD) to generate fusion proteins with C-terminal GFP. Isolated B cells were transiently transfected (5-10 ϫ 10 7 cells per ml) with 1-5 g of plasmid by using a Nucleofector and the Human B Cell Nucleofector Kit (Amaxa Biosystems, Gaithersburg, MD). Cells were incubated in media for 10-12 h; CD20 ϩ CD27 Ϫ GFP ϩ or CD20 ϩ CD27 ϩ GFP ϩ cells then were isolated by sorting. Efficiency of transfection ranged from 5% to 30% depending on the plasmid being used, and the transfection efficiency of naïve and memory B cells was comparable. Only transfected cells were sorted, thus obviating any effect that may be caused by residual nontransfected cells.
